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Introduction
An assembled product may consist of several components. Recently, more and more manufacturing companies start to purchase components manufactured by suppliers instead of producing all components by themselves (Xi & Qin, 2013) . The concept of outsourcing is based on the idea that companies should focus their effort to their core competence (Teeravaraprug, 2008) . This concept provides many benefits to a company such as reducing production cost, doubling before tax income, improving company's performance, and helping companies for being more focus on their core business (Barthelemy, 2003) .
The main problem related to outsourcing is how to select suppliers and then determine the component types and quantities that must be allocated to the selected suppliers. Hence supplier selection is complex, difficult, and time consuming since it is strategic and usually involves multi criteria decision making. Weber, Current and Desai (2000) pointed that the difficulties in supplier selection have three reasons: a large number of supplier to select, no single best supplier that offers the best performance in all criteria, and suplliers might change their offers/performance on important criteria.
The quality and variability of components from suppliers are the major concerns of the company since they will affect the quality of the assembled product. The company must focus to a subset of product quality characteristics which known as key characteristics (Rosyidi, Irianto & Toha, 2009 ). Hence key characteristics deal with dimensions, features or processes that will significantly affect final cost, performance, or safety of the product. Component tolerances on those key characteristics will affect the quality of a product in term of variations once the components have been assembled. Taguchi quality loss function is widely applied to measure the quality of product. However, the loss function could not be applied in a product with several qualitative grades. Cao, Mao, Ching and Yang (2009) developed a fuzzy quality loss to accommodate the fuzzy and uncertainty in product quality. The aim of this research is to develop a concurrent supplier selection model to minimize the purchasing cost and fuzzy quality loss considering process capability and assembled product specification. Hence we address the problem of supplier selection in a manufacturing company which purchases all of the needed components for assembly from its suppliers. The rest of this paper has the following structure. In Section 2, we briefly review the related literature. The concept of fuzzy quality loss is briefly explained in Section 3. Model development and Numerical example and analysis are given in Section 4 and 5, respectively. The conclusions and future research directions are drawn in the last section.
Literature Review
Product quality is a critical concern for most manufacturers and the need for high-quality suppliers has always been an important issue for many manufacturing organizations (Pi & Low, 2006) . Beside quality, purchasing price of components from suppliers is a widely used factor in supplier selection. Linn, Tsung and Ellis (2006) conducted a research in supplier selection using process capability and price analysis.
They proposed a methodology using a chart which partitioned the suppliers into several zones according to their quality performances and price levels. Ghorbeni, Bahrami and Arabzad (2012) proposed an integrated model for supplier selection using Shannon Enthropy and SWOT and the order allocation was done using linear programming. Their research included quality and price as the criteria in supplier selection which are assessed qualitatively by the decision maker.
There are two kinds of quality costs that must be considered by a company, i.e. internal and external.
Internal quality cost consists of appraisal cost and the cost of rework and scrap. External quality cost measures the loss to society in using a product. Taguchi quality loss is the most widely used function to measure the external quality cost. In Taguchi quality loss, the loss is measured by deviation of mean performance from its target value and the variance of performance level. Using the quality loss, a product still contains losses even its performance is inside the specification limits. Pi and Low (2006) The decision making in engineering problems are often made under uncertainty situations due to the limited data and information (Guneri & Kuzu, 2009 ). According to Youn (2005) , all engineering uncertainties can be categorized as aleatory and epistemic uncertainty. The former is uncertainty with sufficient statistical information while the later is uncertainty with lack of statistical information. Fuzzy is a concept which can be used to alleviate the epistemic uncertainty and has been applied in many engineering problems. Fuzzy concept was firstly introduced by Zadeh (1965) to deal with the uncertainty and vagueness problems. It also takes into account the human subjectivity in decision making due to linguistic variables which allows precise modeling of impricise statements (Kahraman, Ertay & Büyüközkan, 2004) . There are many research have been conducted in supplier selection to deal with fuzzy environment. For example, Bayrak, Celebi and Taskin (2007) proposed a fuzzy preference index to select the best supplier. Guneri and Kuzu (2009) gave a case study in supplier selection using fuzzy approach in just in time environment.
Several research proposed the application of fuzzy in quality design and analysis. Monfared and Dadashian (2005) proposed a fuzzy method in the assessment of quality and applied the results to a textile company. Hsieh (2007) proposed the application of fuzzy to determine the quality loss in parameter design optimization using Taguchi method to improve the quality of qualitative response. Stella and Alena (2012) developed an application of fuzzy principles in evaluating quality of manufacturing process using Matlab. The fuzzy is used to represent the uncertainty in process capability and simulation is conducted to determine the quality of the final product. Xi and Qin (2013) proposed a product quality evaluation system based on AHP fuzzy comprehensive evaluation. Cao, Mao, Yang, Wu and Wu (2006) and Cao et al. (2009) proposed a robust optimization model to determine the optimal tolerance of an assembly to minimize manufacturing cost and fuzzy quality loss.
Using fuzzy quality loss, the products are grouped into several grades in which each grade is determined qualitatively. Hence the assembled product not only contains good or poor quality (classical set theory) but also contains several quality levels that can be determined by fuzzy theory. Chen, Tzeng, Hsu and Chen (2010) proposed the combination of Taguchi method, principal component analysis, and fuzzy logic in the tolerance design of a dual purpose six-bar mechanism. The fuzzy logic in that research is used to derive the multiple performance index from the result of experiment.
All the above research considered suppliers selection and tolerance design as separate decision making problem. The introduction of concurrent engineering has shifted the paradigm from serial product development to simultaneous product development. In the later approach, decision making is made simultaneously by considering many aspects of engineering, productions and supply chain in early product design and development stages. Guneri and Kuzu (2009) also pointed that supply chain includes all activities that perform the functions of product design and development and procurement. An important decision making in product design and development, especially in detail design phase is set the product tolerance and assign the tolerance to its components. Hence in this research, the decision about tolerance design is conducted simultaneously with suppliers selection. The fuzzy quality loss is introduced in the model to accommodate the vagueness and uncertainty in assembly due to the limited information about its quality.
Fuzzy Quality Loss
Fuzzy theory is an expansion of the traditional set theory (Hsieh, 2007) . In traditional set theory, an object is classified into crisp set. The membership function of a crisp set function only has two values, i.e. 0 or 1. According to Zadeh (1965) , fuzzy theory is applied to the classes of objects which do not have precisely defined criteria of membership. Further, it is explained that a fuzzy set A in X is characterized by a membership function which associates with each point in X a real number in the interval [0,1]. Each real number represents the grade of membership of x in A. Hence, the nearer the real number to unity, the higher the grade of the membership of x in A.
The operation of fuzzy sets is defined using a subject function (μ). It is the crucial component of a fuzzy set (Zimmermann, 1991) . For more detailed concept about fuzzy set, please refer to Zadeh (1965) which is also briefly explained in Seyed-Hosseini and Damghani (2009) . In product quality sense, the subject function can be determined using engineering knowledge and experience (Hsieh, 2007) . Figure 1 1. We assume that each component can be supplied by exactly one supplier.
2. The component key characteristic is normally distributed with mean μ and standard deviation σ.
3. The manufacturing company faces uncertainty in the quality of assembly due to the limited information about the quality of the components.
Variables and Notations
The following variables and notations are used in model development: (2)
(3)
The normalized expected probability can be expressed as in Equation (4) (Cao et al., 2009) . It represents the proportion of resulted assembly at each quality grade.
(4)
The formulae of r g can be shown in Equation (5) (Cao et al., 2009 ).
In Equation (5), the density function of the normal probability distribution of quality characteristic y is expressed in Equation (6).
Note that the standard deviation of the assembly in Equation (6) (σ Asm ) equals to the cumulative tolerances of its components. Since we use statistical tolerance, the expression for the assembly standard deviation can be shown in Equation (7).
In this research, we consider the tolerance of the assembled product, the number of selected supplier which is only one for each component, and binary variable which is used to represent the decision variables. The tolerance specification of the assembled product must be considered since it is necessary to ensure the quality of the product. Hence the accumulation of component's tolerance must not exceed the assembly tolerance. The constraint is shown in Equation (8). In the equation, T k denotes the k-th assembled tolerance and is the partial derivative of the functional dimension to component i. The number of selected supplier can be expressed in Equation (9) which is only one supplier will be selected for each component.
Binary variable is used to represent the decision variable as in Equation (10). The value of x ij is 1 if supplier j is selected to provide component i and 0 otherwise.
(10)
Numerical Example and Analysis
A numerical example is given to illustrate the proposed model using a product which consists of three components as shown in Figure 2 . Consider the dimensions of x 1 , x 2 , and x 3 to be 80 mm, 42 mm and 38 mm, respectively. Parameter data are obtained from Cao et al. (2009) . The gap x 0 is required to be 0.2 mm to maintain the normal performance. The company has limited information concerning the quality of the resulted assembly. The fuzzy approach has a benefit in this situation comparing the crisp set in which the quality of the resulted assembly can be defined semantically and then the fuzzy membership function must also be defined for each quality grade. The membership functions for the three grades that can be determined using engineering knowledge and experience. Fuzzy quality sets and quality loss for each quality level must be defined first. In the numerical example, we assume there are three quality grades (good, general, and poor). Each quality grade has different quality loss, as shown in Table 1 (Cao et al., 2009) . For good quality grade, the corresponding quality loss is zero since there is no loss for a product with good quality. For general and poor quality grades, the corresponding quality losses are IDR 25,000 and IDR 40,000 respectively. 
Conclusions
A concurrent optimization model for supplier selection with fuzzy quality loss is proposed to achieve the balance between purchasing cost and quality loss. The main contribution of this research was to integrate fuzzy quality loss into supplier selection model. This model can be used to effectively minimize the purchasing cost and fuzzy quality loss and it can be used to aid a decision maker in making decisions concerning supplier selection and tolerance allocation. This research applied a fuzzy quality loss to measure the quality loss for the assembly product with limited quality information. Hence the quality must be defined semantically and the membership function for each grade must be defined using engineering knowledge and experience. Future research is directed to include the component's allocation decision to the selected supplier based on fuzzy quality loss.
